Studies were undertaken for the removal of colour from different types of synthetic dye solutions by using powdered activated carbon (PAC) and bentonite clay (BC) as adsorbents. The different types of dyes (direct, mordant and basic) studied were Direct Orange, Eriochrome Black T and Malachite Green. The synthetic dye solutions behaved differently with the two adsorbents. The effect of adsorption by PAC and the further addition of a very small dose of a coagulant polyaluminium chloride (PAlC) on the settling and/or reuse of adsorbents used was studied. PAC and BC, though effective adsorbents, remained suspended in the solution for a long time. PAlC not only enhanced dye removal, but also formed a sludge that settled very quickly and which could also be reused effectively for dye removal.
Introduction
The removal of dyes from industrial effluents poses a major problem. Conventional wastewater treatment processes do not remove dyes and colour, as they are fairly stable to light, heat and resist biodegradation because of their complex molecular structures. In recent years several physiochemical decolorisation processes (Reife 1993 ) have been developed, such as membrane filtration, flocculation (Stephenson and Sheldon 1996; Karthikeyan 1992) , reverse osmosis and biological treatment. However, these methods are selective, expensive and may need special infrastructure. The decolorisation of effluent by the removal of dyes through a commercially viable method is still an important problem faced by the textile industry. Among the physiochemical processes, adsorption (Mitchell et al. 1978; Geundi 1991) technology is considered to be the most effective and proven technology having wide potential applications in both water and wastewater treatment.
Conventional adsorption systems generally use activated carbon (Ho and McKay 1998; Peel et al. 1981; McKay 1982; Chern and Huang 1998) , which is expensive and necessitates regeneration. Because activated car-bon (Reife and Freeman 1996) has a strong affinity for binding organic substances, even at low concentrations, it is very effective in treating organic-laden wastewaters. Activated carbons, both powdered (PAC) and granular (GAC) (Walker and Weatherly 1999) , are made from a wide variety of carbonaceous starting materials, such as coals (anthracite, bituminous, lignite), wood (Khattri and Singh 1999), peat (Coupal and Lalancette 1976; Souci 1938 ) and coconut shells. The adsorption process is carried out by continuously feeding the water to a packed bed of granular activated carbon. When the carbon gradually becomes exhausted, and the outlet concentration reaches some predetermined level, the unit is shut down, the carbon is dumped, and fresh carbon is added.
Since cost is an important parameter in most developing countries, efforts have been made to explore the possibility of using various low-cost adsorbents (Khare 1988; Konduru and Viraraghavan 1997; McKay et al. 1986a) , or reusing PAC, in order to profit as much as possible from its adsorption capacity and to achieve a reduction of costs in the purchase as well as easy disposal of adsorbent (McKay et al. 1986b) . Natural clay as a low-cost adsorbent is also an economically attractive option for the removal of dyes from wastewaters. For basic dyes, activated carbon is very good whereas for acid dye, activated clay/bentonite (Jordan et al. 1950; Evans and Pancoski 1989) may be a better option.
The difficulty in the reuse or disposal of PAC is that being a very fine powder, it remains suspended for a long time in the treated water. The proper disposal, regeneration or reuse (Chu 2001) of waste sludge has become a significant environmental issue. It is therefore important to flocculate PAC so that it can be easily removed from the treated wastewater. By adding a very small dose of a coagulant like polyaluminium chloride (PAlC) to the aqueous dye solution, PAC can flocculate to PAC-sludge perhaps with increased colour removal efficiency (Nicolet and Rott 1999) . A study was conducted using PAlC as a coagulant in conjunction with PAC as an adsorbent, whereby a PAC-PAlC sludge that forms may settle rapidly in a settling tank, making it easier for the reuse or disposal of PAC. Alternatively, bentonite clay (BC) was also studied as a low-cost adsorbent.
Materials and Methods
Batch experiments were performed in order to determine the favorable conditions under which it is feasible and cost-efficient to reuse PAC for the decolorisation of synthetic dye solutions. Single solute adsorption experiments were conducted in 150-mL conical flasks with rubber stoppers. The adsorbents chosen for study were very fine powders, which though very effective for colour removal, had the disadvantage of remaining suspended in water for a very long time.
The PAC used was activated charcoal granular LR (2-5 mm), obtained from S.D. Fine-Chem Ltd., Boisar, India (product no. 43035). This was further crushed and sieved through a 0.85-mm mesh sieve to get very fine particulate PAC. Bentonite clay LR was obtained from S.D. Fine-Chem Ltd., Boisar, India (product no. 36022). PAlC (2018) was supplied in liquid form by DCM Shriram Consolidated Ltd., New Delhi, India (Table 1) .
All reagents were of analytical grade and used as received without further purification. The dye suspension (100 mL of 20 ppm) with the adsorbent was initially mechanically shaken on an orbit shaker at 200 rpm for 20 min. This was followed by the standard coagulation procedure involving 1 min rapid mixing at 80 rpm followed by 20 min of slow mixing at 30 rpm with 10 min of settling time. To determine the dye concentration in solution before and after contact with the adsorbent, the method chosen was spectrophotometry (1-cm path length) in the visible region, as the dye concentration was measured through colour. The supernatant was analyzed by Perkin Elmer UV/Vis spectrometer Lambda 40 for maximum absorbance at the characteristic wavelength specific to each dye. The different types of dyes chosen for study were those commonly used in the dyeing process. These were direct dye Direct Orange S (DO), mordant dye Eriochrome Black T (EBT) and basic dye Malachite Green (MG). DO is 2-Naphthalenesulfonicacid,7,7'-(carbonyldiimino)bis(4-hydroxy-3-(phenylazo)-,disodium salt (C.I. Direct Orange 26 [29150] ). EBT, a monoazo group of dye is also known as Mordant Black 11 (C.I. 14645). MG, triphenylmethanes dye is also known as Victoria Green B (C.I. 42000). The selected wavelengths for DO, EBT and MG dye solution of 20 ppm at original pH of 7.54, 7.96 and 7.5, were 496, 549 and 617 nm with absorbance values of 0.283, 0.237 and 0.615, respectively. The 20-mg/L solution containing a mixture of all three dyes (pH 7.8) showed a maximum absorbance of 0.512 at 617 nm.
Parameters such as pH, concentration of PAC-PAlC and BC-PAlC, stirring time and settling time at room temperature were studied. Various pH ranges for removing the DO dye from synthetic solutions were stud- ied with 100-mg/L doses of PAC and BC. The adsorption of dye onto PAC or BC was performed at varying pH levels using a batch technique. The pH of the solution was controlled with 0.1-M HCl and/or buffer solution. Since the textile effluent contains a mixture of various dyes, decolorisation studies were also carried out with different dye solutions and their mixtures using 0.1-g/L PAC under different pH conditions. Different amounts of the adsorbent were weighed and mixed with 100 mL of 20-mg/L DO dye solution at pH 2.5 and 10. Studies were carried out in acidic and basic media separately for all the three dye solutions and their mixtures, using 0.1-g/L PAC and 0.01-g/L PAlC.
The additional decolorisation effects and the increase of PAC sludge concentration upon addition of a coagulant to the dye solutions were then evaluated. The results of using PAlC with PAC were compared to that of using PAlC with bentonite clay as a low-cost adsorbent in the case of DO dye solution.
Results and Discussion

Batch Experiments pH
Maximum colour removal was observed at pH 2.5 or 10. Unlike PAC, BC was slightly better at pH 2.5 than at pH 10 with almost 72% removal (Fig. 1) . As can be seen from Fig. 2 , colour removal in the case of basic dye MG was best at its normal pH 7.5, for DO it was slightly better at pH 10, whereas for EBT and mixed solutions it was better at pH 2.5 than at pH 10 with PAC as adsorbent. This showed that different types of dye react differently with PAC depending on the functional groups present in the dye molecule. 
Adsorbent dose
The decolorisation of DO was found to be better at pH 2.5 for BC and at pH 10 for PAC. As expected, the colour removal increased with an increase in adsorbent dose till it became constant (Fig. 3) . The percent decolorisation of different dyes in acidic and basic media, using different doses of adsorbent are shown in Fig. 4 . 
Contact time
The longer the contact time of adsorbent with the wastewater, the greater the colour removal. Decolorisation of DO dye solution was monitored for 2 h (Fig. 5) . With 0.1 dose of PAC at pH 10 major colour removal took place in the first 20 min (72%) which slowed down significantly in the next 20 min (79%) till it became almost constant (85%) with no further change with time (2 h). Keeping this factor in mind, the batch studies were carried out for 20-min contact time with the adsorbent followed by the addition of a coagulant with another 20 min of stirring. Whatever addi- tional decolorisation took place after 20 min was due to the combined effects of PAC and PAlC.
Temperature
It was found that with increasing temperature, the time to reach the same decolorisation rate was much less (Fig. 5) , i.e., equilibrium conditions were reached much faster. In 20-min contact time, 72% decolorisation was achieved, and with an increase in time and temperature, a maximum of 90% decolorisation could be achieved. However, having a temperature control for wastewater treatment may not be very economical or feasible, so further experiments were performed at room temperature only.
Stirring speed and settling time
Increase in stirring speed accelerates the adsorption kinetics with a higher decolorisation rate. This leads to higher energy consumption and therefore high operational costs. The settling time with PAC was less than that with BC in all the dye solutions studied. In each case, with all the dye solutions time taken was more than an hour.
Addition of coagulant
Additional decolorisation effects were observed with further addition of a very small dose of coagulant to the DO solution containing PAC at pH 10. These effects obviously were not the sum of removal observed separately for the similar dose of adsorbent or coagulant. For BC the removal increased from 54 to 83% for 0.05-g/L adsorbent and 0.02-g/L coagulant dose, and from 65 to 87% for 0.1-g/L adsorbent and 0.01-g/L coagulant dose. For PAC, not much difference was observed on addition of coagulant, other than very rapid settling of PAC-PAlC sludge that was heavier and easy to remove. The removal increased from 60 to 70% for 0.05-g/L adsorbent and 0.02-g/L coagulant dose and from 71 to 74% for 0.1-g/L adsorbent and 0.01-g/L coagulant dose (Fig. 6) . From Table 2 , it is clear that there was a significant enhancement in colour removal for EBT but not much for other dye solutions. Although the dose of PAlC used was very little, cost implications need to be considered. Therefore, it was felt necessary to reuse the sludge containing both PAC and PAlC and study the decolorisation efficiency. The DO dye solutions containing the adsorbent and coagulant in varying doses were filtered and the sludge obtained as the residue was dried and reused for solutions with similar dye concentrations. The sludge obtained with 0.05-g/L PAC and 0.02-g/L PAlC could again decolorize the dye solution by 52%. The sludge obtained from 0.05-g/L BC and 0.02-g/L PAlC dye solutions could again decolorize the dye solution of similar concentration to almost 76%. The sludge obtained with BC was found to be more effective when reused, for the decolorisation of dye solutions.
Reuse of the sludge
Conclusions
Batch experiments showed that fine particles of PAC and BC could settle much faster with the aid of a small amount of PAlC, which also led to increased decolorization of the dye solutions compared to a single action of adsorption. Reuse of the sludge led to an efficient reuse of the adsorbents to their full capacity, whereby the consumption of PAC was also reduced. In the mixture of the three dyes studied, it appeared that DO and EBT were interacting in a manner so as to lose their original colours totally. Colour removal was dependent on the dye type, pH and adsor- bent dose. The best results for the combination technology used in the present study were at pH 10 for DO, pH 2.5 for EBT, pH 7.5 for MG and pH 2.5 for the mix. Reusing the sludge instead of recovering the chemicals used in the treatment process could be a beneficial strategy to fully utilize the potential of the coagulant and adsorbent. This could also eliminate the operational cost required for the recovery of PAlC or disposal of PAC.
